The results of a recent comprehensive evaluation of the relationship between four measures of in vitro genetic toxicity and the capacity of the chemicals to induce neoplasia in rodents carry some important implications. The results showed that while the Salmonella mutagenesis assay detected only about half of the carcinogens as mutagens, the other three in vitro assays (mutagenesis in MOLY cells or induction of aberrations or SCEs in CHO cells) did not complement Salmonella since they failed to effectively discriminate between the carcinogens and noncarcinogens found negative in the Salmonella assay. The specificity of the Salmonella assay for this group of 73 chemicals was relatively high (only 4 of 29 noncarcinogens were positive). Therefore, we have begun to evaluate in vivo genetic toxicity assays for their ability to complement Salmonella in the identification of carcinogens.
Introduction and Design of Study
Long-tern studies in rodents are the principal means by which potential human carcinogens are identified. The duration, costs, and concerns over the use of animals have been major problems associated with these rodent studies, and these concerns have provided the motivation to search for other experimental methods. The observed association between the ability of chemicals to induce both mutations and tumors served to promote development of the discipline of genetic toxicology (1) (2) (3) (4) (5) that have been tested adequately in more than one or two in vitro genetic toxicity assays.
In order to address these inadequacies and to develop a data base that was amenable to systematic evaluation, the National Toxicology Program (NTP) initiated a project to provide genetic toxicity results for chemicals that were well characterized in rodents for carcinogenicity or noncarcinogenicity. Detailed results of this evaluation have been reported (8) , and only certain aspects will be emphasized in this report. The chemicals or substances selected for evaluation were chosen strictly because they had been assayed for carcinogenicity in rodents under the aegis of the NTP (9) . In order to be included, the carcinogenicity studies must have been of 2-year duration, including both rats and mice, and completed between December 1976 and January 1985. Initially, 83 chemicals were selected by these criteria; however, some substances tested during this period such as gilsonite, guar gum, agar, gum acacia, propylene, etc., could not be tested adequately in vitro due to their physical state or other reasons, and were, therefore, excluded from further consideration. Our evaluations were made using the 73 chemicals listed in Table   1 .
The in vitro and in vivo assays that provided genetic toxicity patterns were performed on chemicals, under code, in a number of laboratories. The assay protocols 
'MR, male rat; FR, female rat; MM, male mouse; FM, female mouse; E, equivocal; I, incomplete. for each of the four in vitro assay systems had been developed previously (10) (11) (12) in order to ensure intraand interlaboratory reproducibility and subjected to validation using chemicals tested under code in order to ensure objective results (10) (11) (12) (13) . Assay protocols for the other short-term tests (STT) ( 
Rodent Carcinogenicity Results
The tumorigenicity patterns for the 44 carcinogens (shown in Table 1 ) are quite variable in sex, species, site and frequency, and include 12 chemicals that were positive in only one ofthe four sex/species combinations. Twenty of the substances were judged to demonstrate no evidence of carcinogenicity, and nine of the studies were judged equivocal. Each of the studies included an equal number (50) of treated and vehicle control animals in each sex/species group. The control animals were also subject to complete postmortem examination. The results of the control group evaluations have been compiled to establish the spontaneous tumor incidence patterns for each sex/species (14) .
The most frequent sites of tumor induction were the liver (24/44 chemicals), lung (8 chemicals), forestomach (6 chemicals), thyroid (5 chemicals), and kidney (2 chemicals) (8) . The liver, lung, and thyroid show spontaneous tumors at frequencies of 10 to 30% in untreated control groups (called common tumors), whereas spontaneous tumors are rarely seen in the forestomach or kidney (uncommon tumors). Liver tumors were the only tumors induced by 12 carcinogens, 1 of these produced liver tumors in rats only, 8 in mice only, 1 in at least one sex of both species, and 2 chemicals induced only liver tumors in all four sex/species groups. Nine chemicals induced liver tumors in addition to common tumors at other sites; 4 chemicals induced liver tumors in combination with uncommon tumors in at least one other site. Nine of the rodent carcinogens that did not induce liver tumors induced common tumors at other organ sites.
Five chemicals induced only uncommon tumors, 3 of which (administered by gavage) induced only papillomas and/or carcinomas of the forestomach in both sex/species. Endocrine tumors, e.g., follicular cell tumors of the thyroid, adrenal gland, pancreatic ascinar cells, pheochromocytomas of the pituitary, were induced by 9 chemicals. Five of these induced thyroid follicular cell adenomas or carcinomas.
The sex/species distribution of tumors induced by the 44 carcinogens revealed that 18 chemicals induced tumors in at least one sex of both species, and 12 of these induced tumors in both sexes of both species. Eight of these 12 trans-sex/species carcinogens induced tumors at multiple sites in at least one sex/species. Also, 7 of the trans-sex/species carcinogens induced uncommon tumors, while 2 induced tumors only in the liver. Twenty-four of the 44 chemicals induced tumors in only one species (12 each in rats or mice). Eight (of the 12) induced tumors in only male rats, but none of the chemicals induced tumors only in male mice, and only 1 chemical induced tumors only in the female rat. Liver tumors For the purpose of calculating sensitivity, specificity, positive and negative predictivity, and overall concordance values (Table 3) , an equivocal response in the short-term tests was considered to be negative.
Mutagenicity in Salmonella typhimurium
Chemicals were evaluated in four to five strains of Salmonella typhimurium using microsomal (S9) fractions from rat or hamster livers as the exogenous metabolic activation system. The assay protocol and the criteria for evaluating responses have been published elsewhere (10) . Clear The overall concordance of the mutagenic response in any Salmonella strain with the rodent carcinogenesis response is 62% (Table 3) . However, the agreement between mutagenicity in Salmonella and tumorigenesis in any one of the four sex/species (i.e., the positive predictivity of the assay) is 83%. These results show that mutagenicity in Salmonella, obtained under the protocols used in this study and evaluated according to the stated criteria, indicates a high probability, though not a certainty, for tumorigenicity in rodents. Conversely, the absence of a mutagenic response in any of the Salmonella strains is not predictive of nontumorigenicity.
Mutagenicity in Mouse Lymphoma (L5178Y) Cells (MOLY)
Of the 44 carcinogens, 31 (sensitivity = 70%) ( Table  3) were positive in the MOLY assay based upon the published evaluation criteria (12, 13) . However, the assay also detected mutagenic activity in 16 (55%) of the 29 noncarcinogenic or equivocal substances. Thirteen of the carcinogens and 13 noncarcinogens exhibited no mutagenic activity in MOLY cells. The range of active doses varied from 0.0625 mg/mL for ziram to 1700 mg/ mL for dimethyl hydrogen phosphate, but the lowest positive dose (LPD) did not show any relationship with the LPD for carcinogenicity in rodents or sex/species distribution of carcinogenic effects. There was a total of 47 (of the 73) chemicals that showed a positive effect in MOLY cells; the overall concordance ofthe assay with carcinogenicity was 60% ( Table 2 ). In comparison to the Salmonella mutagenesis results, all but 1 (D&C Red 9) of the 24 chemicals mutagenic in Salmonella were mu-tagenic in MOLY cells. In addition, positive responses were induced in MOLY cells by 24 chemicals (12 carcinogens) that were not mutagenic in the Salmonella assay (Table 2) . Thus, although the results reflect a higher sensitivity (70%) than that of the SAL assay, the specificity of the MOLY assay was only 45% ( (Table 3) , and 3 of these were chemicals that were also mutagenic in the SAL, MOLY, and SCE assays. Only 1 chemical, C.I. Acid Orange 10, induced ABS as the only positive response among the four major STT (Table 1) .
SCEs were induced by 32 of the 44 carcinogens; conversely, 16 of 29 noncarcinogens also induced SCEs (Table 3). There were 3 carcinogens (benzene, DEHP, 11-aminoundecanoic acid) for which SCE induction was the only observed in vitro positive response; in all three instances the chemical was active in the absence of S9. In relation to the other three end points, the sensitivity (73%) ofthe CHO/SCE assay was most similar to MOLY mutagenesis (70%) compared to Salmonella (45%) or CHO/ABS (55%) responses (Table 3) . However, while the sensitivity of the CHO/SCE and MOLY assays were high, they both exhibited the lowest specificity (45%) ( Table 3 ). These assays alone or in combination do not provide a complementary assay for the Salmonella assay (8) .
The results obtained with the four assays described above did not show significant differences in individual concordance with the rodent carcinogenicity results since all of the end points showed approximately 60% accuracy (Table 3) . Further, there was no evidence of complementarity among the four assays and no battery or series of tests constructed from these end points improved substantially on the overall performance of the Salmonella assay. However, since such a large number of carcinogens were negative in all, or positive in only one or two assays, there is a need to seek one or more assays that may complement, for example, the Salmonella assay. Complementarity could be demonstrated by the detection of more carcinogens without a concomitant increase in the number of noncarcinogens detected as genotoxic. It seems reasonable to search among available short-term in vivo assays for one or more end points that can improve on the sensitivity of the in vitro assays without having a negative effect on the specificity (i.e., increasing the number of false positives). We have begun to test the same 73 chemicals in some in vivo assays for which we have developed protocols that generate comparably reproducible results. While only a subset of chemicals have been tested thus far, and additional tests are currently in progress, the results available to date are included in Table 2 . This table also presents limited results obtained with some other in vitro assays.
Mutagenicity in Drosophila
Twenty-six of the 73 chemicals were treated for mutagenicity in the sex-linked recessive lethal mutation assay in Drosophila melanogaster (15) ( Table 2 ). Only 4 chemicals induced mutations and all of these were rodent carcinogens. Fifteen other rodent carcinogens did not induce mutations in Drosophila. Thus, while the positive predictivity and specificity of the assay were high, the sensitivity of the assay is low. Three of the 4 Table 2) . The assay detected 6 of the 30 carcinogens and 1 (H.C. Blue 2) of the 14 noncarcinogens induced a positive response. Twenty of the 30 carcinogens induced liver tumors in either rats or mice. The assay detected 4 (4,4'-methylenedianiline 2 HCl, C. I. Disperse Yellow 3, C.I. Solvent Yellow 14, and selenium sulfide) ofthe 9 carcinogens that induced hepatic tumors in rats and only 1 (H.C. Blue 1) of the 10 mouse hepatocarcinogens. The sixth rodent carcinogen detected was 1,2-dibromoethane, which induced tumors at multiple sites in both sex/species, but did not induce liver tumors. The 5 hepatocarcinogens that were detected are either primary amines or capable of being converted into primary amines; however, 6 other carcinogens that are primary amines did not induce a positive response. The 6 carcinogens positive in the UDS assay were also positive in at least three other in vitro end points, but 9 other carcinogens that induced responses in at least three end points did not induce a response in the UDS assay.
In Vivo-In Vitro UDS Fifteen chemicals have been evaluated in the UDS assay that measures unscheduled DNA synthesis in cultured hepatocytes derived from animals exposed to test chemicals (18) (Table 2 ). All except H.C. Blue 2 were rodent carcinogens and 13 ofthe 14 induced liver tumors in either or both rodent species. None of the chemicals induced a UDS response, even though 12 of the 13 hepatocarcinogens were tested in the same sex/species in which the chemicals were tumorigenic. The same 15 chemicals were also tested in the in vitro UDS assay, and with the exception of 4 (4,4'-methylenedianiline 2HCI, H.C. Blue 1, H.C. Blue 2, and selenium sulfide) did not induce in vitro unscheduled DNA synthesis.
Mammalian Cell Transformation In Vitro
Four different mammalian cell transformation assays have been evaluated by the NTP (19-22) , but only 12 chemicals from the group of 73 have been tested in all four systems ( Table 2 ). All 6 of the carcinogens tested induced positive responses, and with the exception of DEHP, they were active in all four systems. Transformation was the only in vitro STT end point for which the carcinogen reserpine induced a positive response. However, the 6 noncarcinogens tested also induced a response in at least one system. The data are insufficient to adequately evaluate these assays at this time and more noncarcinogens and nongenotoxic carcinogens need to be included for comparative evaluation.
Discussion
While many unanswered questions remain, the results of this evaluation carry several important implications for the use of short-tern tests to identify potential carcinogens. The overall concordance among results in the four principal genetic toxicity tests shows that the assays can be used reliably to identify genotoxic chemicals. For 59/73 (81%) of the chemicals, the genetic toxicity results were in agreement for 4/4 or 3/4 assays used. For 34 of the 59 (58%), all four end points were in agreement. While conclusions based on the limited number of chemicals tested in in vivo systems must be considered preliminary, the presence or absence of an in vivo effect appears to be highly infornative. The limited use of short-term, whole animal assays is necessary, particularly for chemicals that fail to induce effects in vitro, e.g., benzene, or where the substance cannot be adequately metabolized or converted to the same DNA or chromatin-reactive intermediates that may be generated in the whole animal. Conversely, it may also be necessary to utilize in vivo assays for chemicals that show clear evidence of genetic toxicity in vitro, since disposition or metabolism of chemicals in vivo can also mitigate against the induction of observable genetic toxicity in vivo.
The choice of the available and well-characterized in vitro short-term test systems depends upon the specific answers needed. If the primary goal is the prospective identification of potential carcinogens, the Salmonella mutagenesis assay has some advantages over the others in reproducibility and reliability of technical execution, relatively low cost, and short duration. The evaluation of this data set of 73 indicates that none of the other in vitro end points, either singly or in combination increase the overall concordance with the rodent results to a degree significantly greater than the Salmonella assay alone. While the Salmonella assay produced only a single positive response that was discordant with the other STT assays, there were 23/73 chemicals that were negative in Salmonella and positive in at least two of the other end points; 11 of these 23 results were discordant with the MOLY mutagenesis and CHO/SCE end points, and 6 of the 11 were not rodent carcinogens.
Our evaluation, therefore, suggests that the potential genetic toxicity of most chemicals can be detected using the Salmonella mutagenesis assay. No other single in vitro assay appears to be sufficiently complementary to SAL, to the point where it is cost effective to perform the additional assay. However, several of the assays, e.g., MOLY or CHO/ABS or SCE, could be useful in a confirnatory capacity. A conservative in itro assay such as the UDS assay or the in vivo Drosophila recessive lethal assay can also prove useful for confirmatory purposes, since a false positive response in these assays is very unusual. The verification of the actual value of the in vivo assays and the final choice of assays must await the results of testing the remainder of the 73 chemicals in these systems.
Therefore, it appears that clear evidence of;mutagenicity, that is, a statistically significant effect in at least one strain of Salmonella, indicates a high probability of potential tumorigenicity in rodents. It is not, however, a certain indicator of tumorigenicity, since 4 chemicals that were not carcinogenic were mutagenic in Salmonella (8-hydroxyquinoline, 2-chloroethanol, 2,6-toluenediamine, and H.C. Blue 2). However, since these 4 chemicals were also active in three other in vitro end points, these are excellent candidates It should be emphasized that the tumorigenicity results used in this evaluation are a product of dose times duration of exposure. Although interim sacrifices were not routinely conducted, the interim death autopsies and incidence of tumor induction at the end of the studies suggests that most of the substances required protracted exposures at or near the maximum tolerated dose (MTD) in order to demonstrate carcinogenic activity. These facts must be contrasted with the relatively limited number of chemicals shown to be tumorigenic with short latent periods following one or a few acute exposures. The majority of these latter substances are direct-acting alkylating agents or are reaily metabolized to electrophilic intermediates that are highly reactive with DNA (26) . The majority of such substances demonstrate clear evidence of genetic toxicity and have been used in the development of most genetic toxicity assays (1) . Such substances often demonstrate transsex/species carcinogenicity. The majority of substances showing the trans-sex/species carcinogenicity in the 2-year rodent studies also showed clear evidence of genetic toxicity, but, as noted, there were some important exceptions. It is possible that the disposition and metabolism of chemicals is an important mitigating factor, even for chemicals that are genotoxic. Such chemicals must gain effective access to DNA in cells in the animal in order to induce genotypic change and this may also be influenced by the dose times duration. However, since there is such a large number of substances that are carcinogenic but do not demonstrate either in vitro or in vivo genetic toxicity using the tests described here, it is clear that other modes of chemically related carcnogenesis are possible. Evidence from a variety of sources indicate that many chemicals, including those that demonstrate tumor promotion activity, bring about many alterations in cells that involve nonmutagenic genotypic change, or that are mutagenic at the chromosome level by altering the number of chromosomes (27) . Such alterations may be related to processes occurring in differentiation and growth or the chromosome segregation apparatus that involve heritable phenotypic changes. It may, therefore, be possible to distinguish the clearly genotoxic chemicals, including aneuploidigens, that have the capacity to induce genotypic heritable change from those that cause adaptive cellular events that lead to heritable phenotypic change. The currently available in vitro and in vivo genetic toxicity assays can be used effectively to prospectively identify chemicals that have a high probability of acting as inductive carcinogens. The limitations of current assays are that they are unable to distinguish chemicals that may act as adaptive carcinogens from chemicals that are not genotoxic and not carcinogenic. Development of assays that can effectively accomplish the latter depend upon improving our understanding of the processes of differentiation and growth.
